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Intelligent  Process  Control 
for  Pulsed  Laser  Deposition 


Introduction 

As  this  report  wiU  show,  Pulsed-Laser  Deposition  (PLD)  has  become  a  very  popular  research 
technique  with  which  to  grow  a  wide  range  of  different  chemical  compounds.  To  date,  over  260 
different  materials  have  been  deposited  by  PLD  by  numerous  research  laboratories  around  the 
world.  The  main  focus  of  these  laboratories  has  been  on  developing  thin  films  of  otherwise 
difficult  to  fabricate  materials.  While  the  process  PLD  has  become  very  popular  in  recent  years  it 
has  some  potential  drawbacks  which  need  to  be  addressed  if  it  is  to  become  a  standard  deposition 
tool.  Little  attention  has  been  paid  to  the  scale-up  the  PLD  process  for  large-area  production 
applications.  Furthermore,  little  infrastmcture  exists  to  support  PLD  either  as  a  research  tool  or  a 
full-fledged  production  deposition  technique.  An  infrastructure  needs  to  be  developed  in  order  to 
fully  capitalize  on  the  potential  advantages  of  the  laser  deposition  process. 

PVD  Products  has  conducted  a  survey  of  the  work  which  has  been  on-going  within  the  thin  film 
community  to  find  emerging  applications  for  materials  which  are  being  grown  by  PLD  that  are 
nearing  the  production  phase.  One  such  material  is  the  high  temperature  superconducting 
compound  of  YiBaaCusO?.,  (YBCO).  Uses  for  YBCO  are  quite  broad,  and  this  material  has 
several  potential  near-term  applications  including  low-loss,  narrow  band  filters  for  the  commercial 
cellular  phone  market,  as  well  as  several  low-loss  microwave  device  applications  for  emerging 
military  systems.  In  the  latter  half  of  this  Phase  I  program,  PVD  Products  developed  a  large-area 
PLD  system  concept  which  could  address  these  emerging  applications  as  well  as  provide  PLD 
with  some  unique  tools  with  which  to  monitor  and  control  several  of  the  relevant  variables  of  the 
deposition  process. 

This  report  will  discuss  some  of  the  more  interesting  findings  of  the  PLD  survey,  as  well  as 
provide  a  concept  for  a  large-area  PLD  system  with  which  to  deposit  YBCO  (or  other  materials). 
Three  new  techniques  used  to  monitor  and  control  some  of  the  deposition  parameters  of  this 
unique  process  will  be  discussed  as  well. 


PLD  Literature  Search 

A  broad  based  search  was  conducted  of  the  technical  literature  to  find  various  applications  for  the 
PLD  process.  This  included  a  computer  search  of  the  technical  literature  as  well  as  a  patents 
search.  Telephone  interviews  were  conducted  with  several  researchers  from  various  companies, 
universities,  and  government  laboratories  involved  with  the  PLD  process. 

The  computer  search  generated  an  extensive  print-out  of  56  pages  of  patents  and  472  pages  of 
technical  articles  for  the  last  four  years.  Not  all  of  the  findings  in  the  printouts  were  PLD  related, 
but  the  bulk  of  the  technical  articles  in  the  literature  search  were.  As  described  below,  a  large 
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fraction  of  the  work  dealing  with  PLD  process  revolves  around  high  temperature 
superconductors. 

Over  125  US  and  foreign  patents  dealing  with  pulsed-laser  deposition  have  been  issued  over  the 
past  five  years.  Over  25%  of  these  patents  are  related  to  the  growth  of  high  temperature 
superconductors  and  related  buffer  layers.  Over  26  Patents  have  been  issued  to  the  Japanese 
conglomerate  Sumitomo  Electric  Industries.  These  Sumitomo  patents  mostly  deal  with  the 
deposition  of  different  high  temperature  superconducting  compounds  and  buffer  layers,  process 
techniques,  novel  target  preparations,  equipment,  as  well  as  techniques  to  scale  the  process. 

Other  Japanese  companies  actively  involved  in  such  patent  activity  include  Matsushita  Electric 
Industries,  and  Fujitsu  Ltd.  It  is  interesting  that  these  companies  are  clearly  working  extensively 
with  the  laser  deposition  process  to  deposit  HTS  and  other  materials,  but  they  do  not  publish  their 
work  in  the  open  literature  the  way  most  Japanese  universities  and  US  companies  typically  do. 

The  most  active  company  involved  in  patents  related  to  PLD  in  the  US  has  been  Energy 
Conversion  Devices,  Inc.  They  have  been  granted  patents  on  fluorinated  YBCO  thin  films  with 
basal  plane  texture  when  deposited  onto  non-lattice  matched  substrates.  ECD  has  also  patented 
two  ideas  relating  to  the  deposition  of  multilayers  of  Ge  and  Si  for  the  use  in  solar  cell 
applications.  Jeff  Cheung  of  Rockwell  has  also  patented  several  ideas  pertaining  to  PLD 
including  reduced  particle  schemes,  as  well  as  techniques  to  deposit  films  on  curved  surfaces. 

In  1992  Kathy  L.  Saenger’s  Appendix  in  the  book  entitled  Pulsed  Laser  Deposition  of  Thin  Films 
edited  by  D.  B.  Chrisey  and  G.  K.  Hubler  (J.  Wiley  and  Sons,  1994)  listed  over  175  materials 
which  had  been  deposited  by  PLD  up  to  that  point.  Since  then,  over  90  more  materials  have  been 
deposited  by  PLD  as  described  below.  This  list  was  comprised  from  both  articles  found  in  the 
literature,  or  fi-om  phone  conversations  with  various  researchers  working  in  the  field  of  PLD. 
Appendix  A  of  this  report  provides  a  reference  for  each  new  material  which  has  been  deposited 
since  1993  not  included  in  K.  Saenger’s  list.  The  new  list  provides  only  one  reference  for  each  of 
these  materials,  as  a  comprehensive  reference  list  for  each  material  is  well  beyond  the  scope  of 
this  report. 

The  materials  are  broken  down  into  several  groups  including  high  temperature  superconductors 
(including  buffer  layers),  ferroelectrics,  magnetic  materials,  metals,  hard  and  tribological  coatings 
(including  diamond  and  DLC),  and  other  compounds.  However,  due  to  the  large  variety  of 
materials  and  wide  range  of  applications  only  selective  compounds  and  applications  are  discussed 
in  this  report.  Furthermore,  applications  based  on  supperlattice  structures  are  not  considered, 
while  they  are  of  scientific  interest,  they  are  far  to  removed  from  useful  near-term  applications. 


Low  and  High  Temperature  Superconductors: 

High  Temperature  Superconductors  remains  the  most  active  area  of  research  utilizing  the  PLD 
process.  Over  250  references  were  found  in  the  literature  search  for  films  grown  by  PLD  this 
class  of  materials,  and  of  these  YBCO  is  still  the  most  popular  HTS  material  being  deposited  by 
PLD.  While  an  extensive  amount  of  work  has  been  conducted  on  the  growth  of  thin  films  of  HTS 
materials,  production  applications  for  YBCO  appears  to  remain  elusive.  However,  one 
commercial  application  appears  to  be  on  the  horizon.  The  use  of  HTS  materials  to  replace  the 
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existing  filter  banks  in  cellular  phone  repeater  stations  is  most  likely  the  first  large  scale 
application  for  thin  films  of  HTS  materials.  The  incorporation  of  HTS  materials  into  such  filter 
banks  will  provide  enhanced  filter  performance  allowing  more  tightly  spaced  channels,  while 
replacing  a  complete  rack  of  power  hungry  YIG  filters  presently  used  in  this  application. 
Superconductor  Technologies  has  been  working  on  this  application  for  several  years,  and 
according  to  Eric  Smith  at  STI,  when  this  process  goes  to  production,  STl  will  need  to  increase 
its  throughput  of  HTS  thin  film  material  by  between  one  and  two  orders  of  magnitude. 
Superconductor  Technology  will  compete  with  Conductus,  Inc.  as  well  as  Superconducting  Core 
Technologies  for  this  business.  Conductus  has  been  working  in  the  growth  of  HTS  materials 
using  PLD  as  well  as  several  other  growth  processes.  Superconducting  Core  Technologies  is  a 
small  start-up  company  which  is  ciurently  assessing  a  variety  of  thin  film  deposition  approaches. 
Projections  for  HTS  wireless  communications  market  indicate  that  sales  will  be  on  the  order  of 
$500  million.  STI  is  currently  evaluating  several  technologies  with  which  to  grow  HTS  materials 
including  PLD  and  MOCVD.  While  STI  believes  that  MOCVD  wiU  likely  be  the  technique  used 
to  grow  materials  such  as  YBCO  for  production  applications  this  process  is  still  under 
development.  At  present,  STI  has  demonstrated  YBCO  films  with  Tc’s>90  K,  with  Jc’s>  2 
MA/cm^  and  Rs  ~  1  mO/  (scaled  to  10  GHz)  both  measured  at  77  K  grown  by  MOCVD  over 
two-inch  diameter  LaAlOs  substrates.  These  MOCVD  films  still  have  CuO  outgrowths  with 
particle  densities  even  more  severe  than  that  produced  by  the  PLD  process.  Even  with  these 
encouraging  results,  STI  feels  that  the  best  HTS  materials  are  still  grown  by  PLD.  Furthermore, 
Eric  Smith  says  that,  in  his  view,  PLD  will  provide  aU  the  materials  for  the  most  critical  HTS 
applications  which  require  the  highest  quality  superconducting  films  for  some  time  to  come. 

Other  uses  for  thin  films  of  HTS  materials  include  Magnetic  Resonance  Imaging  and  Sensor 
Systems  which  are  expected  to  generate  markets  on  the  order  of  $150  million  and  $100  million, 
respectively.  Furthermore,  a  wide  variety  of  microwave  devices  such  as  low-loss  filters  and  delay 
lines  are  being  developed  for  military  applications.  High  Q  resonators  for  very  low  noise 
oscillators,  power  transmission  lines,  low  loss  antennas,  and  more.  The  market  size  for  these 
military  microwave  applications  is  presently  unknown.  However,  it  is  unlikely  that  these  types  of 
devices  will  be  incorporated  into  military  hardware  until  several  devices  are  integrated  a  complete 
superconducting  package  which  makes  efficient  and  cost  effective  use  of  the  associated  cryogenic 
system 

In  the  last  few  years,  new  compounds  of  superconductors  have  been  deposited  by  PLD  as  well. 
The  Hg  based  HTS  material  (HgBa2CaCu20y)  has  been  grown  in  thin  film  form  by  laser  ablation 
at  248  nm.  Several  other  HTS  compounds  including  TmBaSrCusOT-x  and  TmBa2Cu307.x  along 
with  PrBa2Cu307.x  and  PrBa2Cu307.x.  Buffer  layers  for  YBCO  of  LaA103  and  NdAlOs  were 
formed  on  sapphire  substrates  by  depositing  LaCh  and  Nd02  and  annealing  the  films  at  elevated 
temperatures.  Furthermore,  metallic  low  temperature  superconductors  of  MoNx,  NbNx  and  SnSi 
have  been  grown  at  NRL  using  248  nm. 

Ferroelectrics: 

A  wide  variety  of  ferroelectric  materials  have  been  deposited  by  PLD.  Several  of  these  materials 
display  spontaneous  polarization  which  makes  them  useful  for  several  applications.  Such 
applications  include  non-volatile  Random  Access  Memory  (RAM),  capacitors  based  on  materials 
with  high  dielectric  constants  and  microelectromechanical  stmctures.  These  materials  include  a 
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variety  of  oxide  compounds  such  as  SrTiOs,  BaTiOs,  PLZT,  BaSrTiOa,  B^TiaOiz,  KTN, 
PbGeOii,  PbTiOs,  to  name  a  few.  Thin  films  of  these  materials  grown  by  PLD  have 
demonstrated  some  very  encouraging  performance,  but  have  not  yet  made  it  into  commercial 
applications  for  a  variety  of  reasons.  The  high  dielectric  applications  suffer  mostly  from  the  low 
breakdown  voltages  of  a  large  fraction  of  the  capacitors.  While  some  capacitors  demonstrate  the 
ability  to  withstand  high  voltages,  the  applications  would  require  that  a  large  fraction  (f>99%)  of 
the  capacitors  formed  by  the  film  can  withstand  the  design  voltage  (typically  between  3  and  10 
V).  The  RAM  applications  suffer  from  several  problems  including  larger  than  desired  leakage 
currents  and  retention.  While  improvements  in  the  retention  of  the  films  have  been  realized  by  a 
variety  of  techniques  (some  PLD  based),  these  materials  are  not  expected  to  enter  the  commercial 
market  place  in  the  short  term. 

Even  if  PLD  demonstrated  the  ability  to  grow  these  compounds  with  the  desired  properties  other 
hurdles  need  to  be  over  come  before  these  materials  are  used  for  the  intended  applications.  For 
example,  some  companies  interested  in  developing  these  applications  are  concerned  about  the  fact 
that  PLD  is  not  a  standard  deposition  technique.  One  such  company,  a  mid-sized  California  based 
capacitor  house,  said  that  they  would  not  invest  in  PLD  until  other  companies  involved  in  similar 
technology,  such  as  Motorola,  Intel,  or  Hewlett  Packard  had  already  done  so.  This  barrier  of 
corporate  fear  of  any  new  process  will  be  difficult  to  break.  Furthermore,  integrating  these 
materials  into  Si  and  GaAs  technology  will  take  some  materials  development  to  overcome  the 
large  differences  in  thermal  coefficient  of  expansions  and  high  anneal  temperatures  for  several  of 
the  relevant  compounds. 

Magnetic  Materials: 

Several  classes  of  magnetic  materials  have  been  deposited  by  PLD  these  include  oxides  and  non¬ 
oxides  alike.  The  applications  include  ferromagnetic  components  based  on  thin  films,  and 
magnetic  memory  storage.  ARPA  has  funded  a  Ferromagnetic  Consortium  for  about  three  years. 
Under  this  funding  a  variety  of  ferromagnetic  materials  have  been  deposited  by  PLD  including 
YIG,  NiFe04,  ZnjFe3.x04,  and  BaFei20i2.  The  devices  fabricated  with  these  materials  include 
microwave  circulators,  isolators,  tunable  phase  shifters  and  filters,  and  delay  lines.  The  major 
problems  associated  with  these  applications  are  two  fold.  First,  thick  films  are  needed  for  most 
applications  varying  from  over  25  |im  for  devices  which  operate  at  35  GHz,  to  over  100  |im  for 
devices  which  operate  at  X-band.  Deposition  rates  approaching  15  p,m/hour  have  been 
demonstrated,  and  films  over  100  |im  have  been  deposited.  However  these  deposition  rates  and 
film  thickness  have  been  obtained  over  small  areas  only.  Either  multiple  or  more  powerful 
excimer  lasers  will  be  required  to  obtain  growth  rates  approaching  50  to  1(X)  |im/hour  over  areas 
approaching  1(X)  to  200  cm^.  The  other  problem  associated  with  this  application  is  that  the  goal  is 
to  deposit  these  materials  on  substrates  such  as  Si  and  GaAs.  This  presents  a  variety  of  materials 
issues  including  film  stress,  thermal  coefficients  of  expansions  mismatches,  and  low  deposition  or 
post-deposition  anneal  temperatures.  While  some  progress  has  been  made  in  these  areas  the 
properties  of  the  films  deposited  onto  these  substrates  still  need  to  be  improved  for  the  intended 
applications. 

Other  magnetic  materials  which  have  been  deposited  over  the  last  few  years  include 
Lai-xSrxMnOz,  Ndo.vSrojMnOs ,  and  COxCui-x.  These  materials  display  Giant  Magneto  Resistance 
(GMR),  which  has  potential  use  in  magnetic  recording  applications.  The  basic  physics  of  these 
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materials  are  still  being  studied,  and  the  thin  films  formed  by  PLD  display  some  interesting  and  yet 
unexplained  results.  Also,  the  GMR  effect  is  dominant  near  the  magnetic  phase  transition  for  the 
material  and  strongly  depends  on  film  composition. 

Metals 

Almost  all  the  metals  have  been  deposited  by  PLD.  While  the  low  temperature  metals  such  as  Al, 
Au,  Fe,  and  Cu  produce  lots  of  particulates  yielding  rough  surface  morphologies,  the  more 
refractory  metals  such  as  Pt,  Co,  Ti,  V,  Nb,  W,  Re,  Ni,  and  Ta  produce  some  of  the  smoothest 
films  grown  by  PLD.  Most  applications  to  date  have  been  for  simple  electrical  contacts  to  devices 
made  from  films  also  grown  by  PLD.  For  the  most  part,  the  deposition  of  these  metals  would 
most  likely  be  conducted  using  more  standard  techniques  such  as  electron  beam  evaporation  or 
sputtering.  However,  some  applications  for  metals  deposited  by  PLD  exist.  These  include  the 
deposition  of  materials  such  as  W  and  Re  for  use  in  X-ray  photolithography  masks.  The 
advantage  of  PLD  in  this  case  is  its  ability  to  deposit  only  a  small  amount  of  material  with  each 
laser  pulse,  thereby  obtaining  multi-layer  films  with  precise  and  abrupt  interfaces.  Work  in 
Germany  is  focusing  on  the  use  of  these  materials  for  making  4-inch  diameter  X-ray  photomasks. 
Other  applications  for  metals  include  thin  film  batteries.  Here,  the  application  is  for  contact  to  the 
electrolytes.  The  contacts  are  typically  formed  with  proprietary  aUoys  which  contain  between  6 
and  9  different  elements.  PLD  allows  the  users  to  easily  obtain  films  of  these  materials  with  the 
correct  composition  more  easily  than  any  other  deposition  approach.  Magnetic  metal  alloys  have 
also  been  deposited  for  magnetic  recording  head  applications.  Multilayer  metals  have  also  been 
used  to  form  x-ray  mirrors. 

Other  applications  includes  reactive  metal  deposition  to  form  new  compounds.  Such  examples 
include  laser  ablation  of  Mg  in  oxygen  to  form  MgO  (a  buffer  layer  for  HTS  compounds).  Since 
MgO  does  not  readily  absorb  the  UV  radiation,  reactive  ablation  of  the  metal  forms  a  convenient 
means  of  obtaining  the  desired  material.  Another  example  is  that  of  ablation  of  V  in  oxygen  to 
form  various  VO  compounds  for  IR  detector  applications.  On  final  example  of  this  approach  is 
plasma  enhanced  PLD  of  liquid  Ga  in  a  NH2  atmosphere.  In  this  case,  the  plasma  dissociates  the 
ammonia  providing  atomic  N  to  form  GaN.  This  material  has  several  electroptic  applications. 

Tribological  and  Hard  Coatings: 

A  variety  of  materials  have  been  deposited  for  both  tribilogical  and  protective  coating 
applications.  These  materials  come  in  two  basic  forms,  solid  lubricants  and  hard  coatings. 

Included  in  the  solid  lubricant  class  are  compounds  such  as  M0S2,  WS2,  NbSe2,  NbS2,  and  NbTe2. 
Other  materials  include  hBN,  CF*,  Ti02,  PbO,  PbMo04,  CeFs,  BaF2,  and  CaF2.  Hard  coatings 
include  materials  such  as  cBN,  DLC,  B4C,  Cr3C2,  SiC,  TiC,  Si3N4,  TiN,  C3N4,  and  various 
oxides.  It  turns  out  that  the  intrinsic  stress  in  the  oxide  films  can  be  controlled  by  controlling  the 
background  gas  pressure  during  deposition  and  that  the  hardness  of  the  materials  has  been  found 
to  depend  on  the  film  stress. 

Some  recent  work  in  the  area  of  hard  coatings  includes  the  laser  deposition  of  diamond  films.  In 
this  case  a  hot  filament  was  placed  directly  in  front  of  the  substrate  in  an  H2  background.  The 
filament  dissociates  the  hydrogen  forming  a  sufficient  atomic  flux  to  the  substrate  surface  to 
preferentially  etch  away  any  sp^  bonded  C  which  is  forms  from  the  condensing  vapor  produced  by 
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the  ablation  of  a  graphite  target.  Diamond  films  have  been  reported  to  have  been  grown  at 
substrate  temperatures  as  low  as  600°C  using  this  PLD  approach. 

DLC  has  been  grown  by  PLD  for  several  years  and  has  many  different  applications.  One 
application  is  related  to  the  flat  panel  display  market  DLC  has  been  used  as  the  field  emitters  in 
cold  cathode  flat  panel  displays  by  SI  Diamond,  Inc.  They  have  successfully  fabricated  DLC  films 
over  areas  of  about  4  square  inches  and  have  made  working  displays.  However,  it  appears  that  SI 
Diamond  is  now  looking  towards  CVD  deposition  of  diamond  for  future  larger  area  display 
devices. 

Another  related  hard  material  is  that  of  C3N4.  This  material  has  been  deposited  by  PLD  in 
conjunction  with  an  RF  atomic  nitrogen  source  by  researchers  at  Harvard,  and  this  compound  is 
predicted  to  be  harder  than  that  of  diamond.  It  is  still  unclear  which  phase  or  phases  of  C3N4  is 
being  formed  in  the  PLD  process,  and  research  continues. 

Work  on  the  growth  of  cBN  is  still  continuing,  but  it  is  unlikely  that  PLD  will  be  the  best  way  to 
deposit  this  material  over  large  areas.  This  is  due  to  the  fact  the  material  is  grown  by  an  ion  beam 
assisted  PLD  process,  and  the  ratio  of  the  neutral  B  and  N  fluxes  need  to  be  balanced  properly  in 
order  to  get  the  proper  cubic  phase.  The  problem  is  to  obtain  the  proper  fluxes  to  the  entire 
substrate  with  the  PLD  approach  where  the  plume  is  highly  forward  directed.  Many  applications 
for  cBN  include  hard  coatings  for  tools  and  several  microelectronic  applications. 

Other  Materials: 

A  variety  of  other  oxide  materials  have  been  deposited  for  a  variety  of  applications.  Flat  Panel 
Displays  based  on  Field  Emitter  Arrays  (FEA’s)  are  in  need  of  efficient  phosphors  materials  in 
thin  film  form.  Such  materials  have  been  deposited  by  PLD  including  Eu,  Tm,  and  Tb  doped 
YAGG  to  form  red,  blue,  and  green  phosphors,  respectively  for  high  brightness  applications. 
Furthermore,  SrS  doped  with  either  Eu  or  Sm  has  been  deposited  for  low  voltage  displays 
applications.  Another  emerging  thin  film  phosphor  is  the  thiogallate  Ce:CaGa2S4,  which  has  been 
grown  by  both  MOCVD  and  more  recently,  PLD.  Finally,  conductive  transparent  oxides  are 
needed  in  thin  film  form  to  act  as  either  an  over  or  underlayer  for  the  phosphor  materials.  Both 
In203  and  GalnOs  have  been  deposited  by  PLD.  Galn03  has  the  advantage  of  a  broader 
transmission  band  than  In203. 

Another  interesting  oxide  is  Yb203.  This  material  has  been  deposited  on  Si  substrates  to  be  used 
as  a  selective  emitter  for  energy  conversion  applications.  When  this  material  is  heated  it  emits 
intense  light  at  about  1.1  |j.m,  which  is  very  close  to  the  peak  absorption  in  Si  based  solar  cells. 
Thus,  electricity  can  be  formed  readily  by  heating  the  Yb203  film  with  a  flame  generated  by  butane 
providing  an  efficient  mobile  power  source.  Another  similar  oxide,  Ba2Ij03  has  been  successfully 
deposited  by  PLD  for  direct  thermoelectric  conversion  applications.  A  non-oxide  related 
material,  CuInSe2  or  CIS,  for  use  in  solar  cells  has  also  been  deposited  by  PLD. 

The  Japanese  have  also  been  working  on  depositing  a  variety  of  piezo-electric  materials  including 
LiTa03  and  LiNbOs  for  SAW  devices.  Such  devices  could  be  used  for  a  variety  of  filters  in 
everything  from  garage  door  openers  to  cellular  telephone  applications.  There  is  interest  in 
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scaling  up  PLD  process  to  4-inch  diameter  substrates  to  address  applications  for  such  devices 
from  a  Japanese  based  company. 

Biological  materials  have  also  been  deposited.  Kathy  Cotell  from  NRL  has  deposited 
hydroxiappatite  material  for  orthopedic  implant  applications.  More  recently,  she  has  reported  on 
the  successful  deposition  of  films  of  bovine  (cow)  collagen  material.  Applications  for  such 
collagen  films  would  be  to  aid  in  the  healing  of  bum  victims. 

Large- Area  PLD  System  Design  Concept 

It  appears  that  the  high  temperature  superconducting  compounds,  and  in  particular,  YBCO,  will 
be  the  first  materials  to  be  utilized  in  commercial  and  military  systems.  However,  until  the  proper 
infrastmcture  for  the  PLD  process  is  developed,  the  applications  will  not  be  realized  unless  other 
deposition  approaches  improve  significantly  in  order  to  match  or  exceed  the  quality  of  films 
presently  being  deposited  by  PLD.  In  order  to  create  an  infrastructure  to  support  the  process  and 
help  PLD  become  a  standard  deposition  technique,  several  key  areas  need  to  be  addressed.  These 
include  the  size  of  substrates  which  can  be  coated  uniformly  by  PLD,  deposition  rate  monitoring 
and  control,  and  the  accurate  measurement  and  control  of  the  “on-target”  laser  fluence. 
Furthermore,  for  certain  applications,  such  as  the  in-situ  growth  of  HTS  materials,  reliable,  large- 
area  substrate  heaters  are  needed.  A  number  of  these  area’s  were  addressed  as  “paper-studies” 
under  the  scope  of  the  Phase  I  program,  and  the  results  are  presented  below.  The  idea  was  to 
develop  the  framework  for  a  large-area  PLD  system  which  could  be  used  to  demonstrate  that 
PLD  process  can  in  fact  be  used  for  large-area  deposition  and  meet  the  demands  of  both 
commercial  and  military  applications  for  YBCO.  In  this  case,  a  system  capable  of  addressing  100 
mm  (4-inch)  diameter  substrates  was  considered.  This  size  substrate  was  chosen  as  it  is  the 
largest  size  available  for  LaAlOs,  the  material  of  choice  for  most  thin  film  HTS  applications. 

Large-Area  PLD  Approach 

The  best  approach  to  scaling  up  the  laser  deposition  process  is  to  use  large-area  targets  along 
with  programmable  laser  beam  rastering  and  substrate  rotation.  This  approach  has  been 
successfully  utilized  to  uniformly  deposit  films  over  200  mm  (8-inch)  diameter  substrates.  The 
process  also  provides  for  incorporating  the  deposition  rate  monitor  described  below,  as  well  as 
the  on-target  laser  fluence  measurement  scheme.  A  schematic  of  a  large-area  deposition  system  is 
shown  in  Figure  1.  Here  an  incident  excimer  laser  beam  is  reflected  off  a  programmable  mirror 
through  a  window  (discussed  in  detail  below)  which  rasters  the  laser  beam  across  a  radii  (or  full 
diameter)  of  a  large  diameter  target.  Allowing  the  beam  to  dwell  longer  at  larger  target  radii 
provides  for  uniform  properties  of  the  film  deposited  onto  the  rotating  substrate  located  about  15 
cm  away  from  the  target.  The  target  is  also  rotated  so  that  the  target  material  is  removed  at  a 
constant  rate  over  the  target  surface.  This  technique  has  several  advantages  over  alternative  large 
area  approaches  which  utilize  small  area  targets  with  fixed  position  laser  beams.  First,  with 
proper  care,  target  resurfacing  is  not  required,  and  it  is  much  easier  to  obtain  reproducible  results. 
Furthermore,  the  life  times  of  the  large  area  targets  are  significantly  longer  than  that  of  the 
standard  small  diameter  targets  and  target  trenching  is  non-existent. 

Also  shown  in  Figure  1  is  a  large-area  substrate  heater  which  utilizes  black  body  radiation  to  heat 
the  transparent  LaAlOs  substrate.  With  this  approach,  the  substrate  is  suspended  only  at  its 
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Figure  1 .  Schematic  of  a  Basic  Large- Area  PLD  System  for  Depositing  YBCO 
over  4-inch  Diameter  Substrates 
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edges,  and  does  not  make  any  other  contact  with  the  substrate  holder.  Thus,  silver  paste  is  not 
required  to  heat  the  substrate.  The  advantage  of  this  approach  is  that  it  provides  more  uniform 
heating  of  large-area  substrates,  and  the  fact  that  the  backside  of  the  substrate  remains  clean 
making  subsequent  process  step  easier.  On  the  other  hand,  this  approach  requires  more  energy  to 
be  put  into  the  system  to  heat  the  substrate  which  puts  a  strain  on  the  heating  elements. 
Furthermore,  since  the  substrate  is  not  in  good  thermal  contact  with  a  heated  block  the  substrates 
temperature  can  only  be  inferred  from  the  heat  input.  However,  this  black  body  approach  has 
been  accepted  by  several  labs  depositing  HTS  materials  over  large  area  substrates  including 
Superconductor  Technology,  Conductus,  Naval  Research  Labs,  to  name  a  few.  Water  cooled 
shields  will  be  required  to  remove  the  estimated  3  kW  of  energy  required  to  heat  the  4-inch 
diameter  substrate  to  temperatures  of  up  to  750°C.  A  water  cooled  shield  will  also  sit  directly  in 
front  of  the  ablation  target  in  order  to  minimize  the  targets  temperature  during  deposition  as 
shown  in  Figure  1. 

Deposition  Rate  Monitoring; 

Figure  2  shows  the  incorporation  of  a  proposed  deposition  rate  monitor  into  the  large  area  PLD 
system.  The  rate  monitor  is  based  on  an  existing  product  called  ATOMICAS  which  is  sold  by 
Intelligent  Sensor  Technology,  Inc.  of  Mountain  View  Ca.,  and  utilizes  Atomic  Absorption  (AA) 
to  calculate  the  density  of  the  condensing  vapor  species.  The  current  ATOMICAS  system  would 
need  to  be  modified  to  make  it  compatible  with  the  pulsed  nature  of  the  PLD  process. 

Atomic  Absorption  Spectroscopy  (AAS)  has  shown  to  be  a  powerful  technique  for  monitoring 
deposition  rates  in  conventional  physical  vapor  deposition  process  such  as  thermal  evaporation 
and  sputtering.  Its  utility  as  a  diagnostic  tool  for  laser  ablation  of  YBCO  has  also  been 
demonstrated  by  several  groups.  Preliminary  estimations  from  published  data  of  the  values  of  key 
parameters  of  Cu  atoms  in  a  PLD  system  indicate  the  following. 

Atomic  number  density  near  the  substrate  n~10"  -  lO'Vcm^ 

Absorption  at  nl  ~  50  x  10’°/cm^,  where  1  is 

the  absorption  path  length  in  cm  A=50% 

Plume  flyby  time  near  the  substrate  t  ~  50  x  10"^  sec 

Due  to  the  pulsed  nature  of  the  flux  to  be  detected,  the  proposed  scheme  of  an  AA  monitor  for 
the  PLD  process  will  be  different  from  that  incorporated  in  the  ATOMICAS  (JVST  A 13, 1797 
(1995)).  A  schematic  diagram  of  the  modified  system  is  shown  in  Figure  2.  This  configuration 
has  the  advantage  that  the  entire  sensing  device  is  external  to  the  deposition  chamber.  However, 
due  to  the  long  absorption  path  length,  the  absorption  signal  may  be  saturated  for  dense  ablation 
plumes.  In  such  a  case,  a  fiber  optic  probe  with  a  shorter  absorption  path  length  on  the  order  of  a 
few  mm  may  be  a  better  choice.  To  prevent  the  windows  from  becoming  coated  in  standard 
deposition  systems  the  windows  are  mounted  on  flanges  with  long  tubes  with  a  high  aspect  ratio. 
A  similar  approach  will  be  taken  for  the  PLD  process,  but  with  the  forward  directionality  of  the 
ablation  plume,  AA  window  coatings  are  not  expected  to  be  a  problem.  In  the  proposed  system, 
a  copper  Hollow  Cathode  (HC)  lamp  produces  a  very  narrow  band  DC  light  beam  which  passes 
through  the  deposition  region  as  shown.  Copper  is  the  best  choiceto  monitor  the  deposition  rate 
of  the  YBCO  compound  since  ground  state  Cu  has  a  large  absorption  cross  section,  it  is  the  most 
abundant  of  the  metal  cations  in  the  YBCO  compound,  and  Cu  hollow  cathode  lamps  have  a 
higher  output  energy  than  that  of  Y  or  Ba  lamps. 
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Figure  2.  Schematic  of  an  Atomic  Absorption  Deposition  Rate  Monitor 
Incorporated  Into  a  Large- Area  PLD  System.  This  System  is  Shown  With  3  HCL’s 
and  Could  Be  Used  For  Monitoring  of  the  Film  Composition  as  Well. 
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To  achieve  a  high  signal-to-noise  ratio  from  the  detector  output,  the  atomic  line  emission  source 
needs  to  be  as  intense  as  possible.  Typically,  outputs  of  a  hollow  cathode  lamp  at  the  strongest 
atomic  emission  line  is  less  than  10  ®  W.  Due  to  self-absorption,  this  optical  output  power  can  not 
be  increased  by  operating  the  HCL  at  a  higher  current.  Tunable  diode  lasers  are  capable  of 
providing  much  higher  optical  power,  but  these  devices  are  limited  to  wavelengths  in  the  visible 
region.  In  fact,  a  diode  laser  operating  at  670  nm  has  recently  been  used  in  for  monitoring  Y 
deposition  in  an  evaporative  YBCO  growth  process  by  Stanford  University  with  excellent 
accuracy  and  signal  to  noise  ratio  allowing  them  to  resolve  deposition  rates  as  low  as  0.03  A/sec. 
In  the  proposed  system  we  plan  to  use  a  Cu  HCL  as  the  light  source  in  combination  with  a 
photodetector  with  the  highest  sensitivity  and  the  lowest  noise.  Conventional  HCL’s  are 
relatively  low  cost  ($100-$450),  and  have  long  life  (at  least  500  hours  under  normal  operating 
conditions).  Thus,  with  a  deposition  rate  of  ~1  p.m/hour  for  YBCO  over  4-inch  diameter  and  a 
desired  film  thickness  of  ~1  ^im  (which  is  thicker  than  usually  used  for  HTS  applications),  the 
lamp  will  last  at  least  500  runs.  Thus,  the  cost  to  run  the  lamp  for  a  typical  film  growth  will  be 
approximately  $1  which  compares  to  the  cost  of  ~$850  for  a  4-inch  diameter  LaAlOa  substrate. 

In  the  proposed  system,  the  HCL  will  operate  in  a  DC  mode  during  deposition.  The  interaction  of 
the  ablation  plume  with  the  probing  optical  beam  will  cause  a  short  decrease  in  the  optical 
intensity  reaching  the  detector.  A  wavelength  selection  device  (either  a  narrow  band  optical  filter 
or  a  monochromator)  tuned  to  the  atomic  emission  wavelength  is  placed  in  front  of  the 
photodetector  to  reject  unwanted  radiation  from  the  ambient  and  the  HCL.  Due  to  the  short 
duration  of  absorption,  a  fast  photodetector  is  necessary.  On  the  other  hand,  the  limited  light 
output  of  the  HCL  also  demands  for  the  detector  to  have  the  highest  signal-to-noise  ratio 
possible.  A  logical  choice  for  the  detector  is  the  photomultiplier  tube  (PMT)  for  its  high 
sensitivity  and  fast  response.  A  gated  integrator  will  also  be  used  to  capture  the  short  drop  in  the 
optical  signal  and  detect  the  change  of  transmission  in  the  optical  train  for  normalization  purposes. 
T^e  basic  signal  detection  scheme  is  shown  in  Figures  3  and  4.  With  the  gated  detection  system 
in  sync  with  the  laser,  each  measurement  cycle  involves  the  determination  of  light  intensity  from 
the  HCL  with  and  without  absorption  by  the  ablated  plume.  The  difference  between  the  two 
measurements  thus  determines  the  absolute  absorption  value  regardless  of  any  long  term  drift  in 
the  HCL  output  or  changes  in  window  transmission  due  to  deposited  film  coatings. 

At  the  Cu  emission  line  of  325  nm,  a  typical  PMT  has  a  quantum  efficiency  of  about  20%  and  a 
cathode  radiant  sensitivity  of  about  0.05  A/W.  For  a  gating  period  of  100  x  lO”^  s  and  a  cathode 
current  of  5  x  10  ’“  A  (assuming  an  optical  radiant  power  of  1  x  10'®  W  at  the  cathode),  the 
theoretical  shot  noise  limitation  on  the  S/N  ratio  is  only  about  5x10^.  Furthermore,  in  the 
absorption  process,  the  real  signal  is  the  amount  of  optical  signal  reduction  due  to  absorption,  not 
the  full  scale  signal  used  for  calculating  the  above  S/N  ratio.  This  signal  reduction  is  a  function  of 
the  gating  period  and  may  be  only  a  small  fiiaction  of  unabsorbed  signal.  A  short  gating  period  is 
favored  for  a  large  signal  change  due  to  absorption,  but  at  the  expense  of  poorer  S/N  ratio.  Other 
factors,  such  as  the  uncertainty  in  the  time  delay  between  the  laser  and  arriving  plume,  must  also 
be  considered  in  choosing  the  optimal  gate  width.  I  practice,  it  is  necessary  to  use  a  gate  width 
which  is  longer  than  the  plume  fly-by  time,  and  consequently  resulting  a  less  favorable  “real 
signal”  due  to  absorption.  It  appears  that  for  Cu,  a  S/N  of  1  x  10^  may  be  achievable  using  the 
above  parameters  in  a  real  system.  By  averaging  100  samples  the  S/N  ratio  will  be  improved  by  a 
factor  of  10  (square  root  of  100)  to  a  respective  value  of  1  x  10®.  Using  a  repetition  rate  of  100 
Hz  the  response  time  of  the  system  will  be  1  second,  which  is  more  than  adequate  for  “real-time” 
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Figure  3.  a)  The  Output  Intensity  as  a  Function  of  Time  From  the  Cu  Hollow 
Cathode  Lamp,  b)  The  Temporal  Profile  of  the  Laser  Pulses  Incident  on  the 
Ablation  Target,  c)  The  Temporal  Profile  of  the  Ground  State  Atomic  Cu  Flux 
Density  as  it  Passes  Tlu-ough  the  AA  Probe  Beam,  d)  The  Temporal  Profile  of  the 
HCL  Lamp  Intensity  as  Measured  by  the  Photomultiplier  Tube,  e)  The  Gating 
Signal  Used  for  Data  Acquisition. 
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Time 


Figured  a)  Schematic  of  the  Gated  Integrator  Output  as  a  Function  of  Time, 
b)  The  Corresponding  Sample-And-Hold  Signal  Provided  to  the  Microprocessor  or 
Computer. 
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feedback  control  purposes  of  the  PLD  process.  This  means  that  one  can  control  the  Cu  atomic 
density  to  better  than  1%  with  a  1  second  response  time.  To  further  improve  the  performance, 
new  light  sources  need  to  be  evaluated  with  higher  intensity  or  to  average  more  pulses  which 
would  result  in  a  lower  response  time.  For  materials,  such  as  Y,  whose  wavelengths  are 
accessible  by  tunable  diode  lasers,  their  usage  may  be  worth  consideration. 

Simultaneously  using  three  HCL  lamps,  one  for  Y,  Ba,  and  Cu,  with  the  associated  detectors, 
would  possibly  allow  the  composition  of  the  plume  to  be  monitored  in  real  time,  as  well.  A 
system  which  incorporates  three  such  HCL’s  is  shown  in  Figure  2.  In  such  a  system,  the  Cu  line 
could  be  used  to  control  deposition  rate  through  proper  feedback  control,  and  the  condensing  film 
composition  could  be  monitored,  and  possibly  controlled  by  varying  deposition  parameters  such 
as  laser  fluence,  substrate  temperature  or  background  gas  pressure.  However,  in  order  for  the 
composition  of  YBCO  to  be  accurately  monitored  and  controlled,  a  software  package  would  need 
to  be  developed  to  obtain  data  in  real  time,  utilize  an  extensive  data  base  which  keeps  track  of 
multiple  YBCO  film  compositions  (as  determined  by  RBS  or  EDXA)  for  films  deposited  under 
several  conditions,  and  make  the  appropriate  parameter  response  in  order  to  obtain  the  correct 
film  composition. 

On-Target  Laser  Fluence  and  Control 

Another  aspect  of  creating  the  proper  infrastmcture  for  the  PLD  process  is  to  provide  a  way  to 
accurately  measure  and  control  the  energy  which  reaches  the  ablation  target.  According  to  Eric 
Smith  at  Superconductor  Technologies,  the  on-target  fluence  needs  to  be  controlled  to  within  ± 
5%  in  order  to  produce  the  highest  quality  YBCO  films.  However,  most  PLD  systems  today 
cannot  accurately  measure  or  monitor  the  energy  entering  the  deposition  chamber.  Typically, 
researchers  monitor  the  output  energy  of  the  laser  and  assume  that  a  fixed  fraction  of  that  output 
energy  is  reaching  the  target.  However,  the  energy  reaching  the  target  may  change  for  a  variety 
of  reasons.  Simply  cleaning  the  laser  optics  can  increase  beam  brightness,  even  at  a  fixed  output 
energy,  thus  increasing  the  fluence.  Changes  in  beam  brightness  can  produce  variations  as  much 
as  20  to  25%  in  the  on-target  laser  fluence.  Furthermore,  as  the  deposition  process  proceeds,  the 
entrance  window  for  the  laser  beam  becomes  coated  with  some  of  the  ablated  flux.  This  is  more 
of  a  problem  for  large-area  systems  where  a  lot  more  material  is  usually  deposited.  The  window 
coating  may  be  removed  somewhat  by  the  laser  beam,  but  since  the  fluence  is  usually  low  at  the 
window  the  film  tends  to  build  up.  If  the  window  coating  is  removed  by  the  laser  beam  it  also 
tends  to  remove  some  of  the  underlying  fused  silica  material  with  it,  altering  the  surface  texture  of 
the  window.  This  degradation  in  the  window  optic  also  causes  degradation  in  the  uniformity  of 
the  focused  laser  spot. 

A  solution  has  been  developed  by  PVD  Products,  Inc.  to  overcome  these  problems.  A  schematic 
of  the  “Intelligent  Window™”  is  shown  in  Figure  5.  In  this  case,  a  high  quality  AR  coated 
Suprasil  II  window  acts  as  the  chamber  entrance  window  for  the  laser  beam.  Directly  inside  the 
chamber  is  a  second  “sacrificial”  quartz  window  which  can  be  rotated  by  a  rotary  feedthrough 
(not  shown).  A  small  aperture  is  located  in  front  of  the  internal  quartz  window  to  minimize  the 
area  of  the  coating  which  reaches  this  sacrificial  plate.  Thus,  as  the  internal  window  gets  coated 
and  the  fluence  drops,  a  fresh  surface  can  be  exposed  to  the  laser  beam  without  breaking  vacuum 
by  simply  rotating  the  feedthrough.  Furthermore,  a  reflecting  optic  can  be  placed  directly  in  front 
of  the  incident  laser  beam  and  reflect  the  incident  light  energy  which  enters  the  chamber  out 
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Figure  5.  Schematic  of  the  Cross-Section  of  an  “Intelligent  Window^''*”. 
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through  a  second  window  as  shown  in  Figure  5.  The  reflected  energy  can  then  be  measured  by  an 
appropriate  detector.  Thus,  the  energy  which  actually  enters  the  chamber  can  be  measured 
before,  during,  or  after  each  run.  If  the  energy  changes  during  a  run,  then,  with  proper  system 
control,  the  appropriate  steps  can  be  taken  to  alleviate  the  situation. 

Several  “Intelligent  Windows™”  have  been  built,  tested,  and  sold  to  customers.  These  units  are 
aU  manually  controlled  without  interfacing  to  computers  for  real  time  monitoring  and  control. 
However,  it  is  a  relatively  straightforward  task  to  motorize  the  actuators  and  interface  them  to  a 
computer  with  the  proper  intelligent  control  software. 

Constant  Fluence  Optical  Train: 

One  of  the  problems  with  large-area  PLD  systems  which  have  utilized  a  rastered  laser  beam  and  a 
simple  focus  type  optical  train  is  the  fact  that  the  on-target  laser  fluence  changes  as  the  laser  beam 
is  rastered  across  the  large  diameter  target.  This  is  due  to  the  fact  that  the  laser  spot  size  changes 
in  response  to  the  slight  change  in  laser  beam  path  length.  This  problem  becomes  more  serious  as 
the  raster  path  length  increases  to  accommodate  larger  target  (and  substrate)  sizes  increase. 

A  concept  for  a  constant  fluence  optical  train  has  been  developed  for  use  in  the  large-area  PLD 
system  for  operation  at  248  nm.  A  schematic  of  the  system  is  shown  in  Figure  6.  The  output  of 
the  laser  passes  through  an  adjustable  beam  attenuator  to  set  the  desired  output  energy.  This 
system  also  includes  an  anamorphic  relay  to  image  and  re-size  the  laser  exit  pupil  onto  a 
rectangular  aperture,  a  beam  homogenizer  which  consists  of  two  elements  to  produce  a  uniform 
image  of  the  aperture  on  the  ablation  target,  and  two  programmable  scanning  mirrors  which 
allows  the  beam  to  be  rastered  across  a  large  diameter  target.  The  anamorphic  relay  consists  of 
two  pairs  of  cylindrical  lenses,  one  pair  imaging  the  horizontal  axis  of  the  laser  beam,  and  the 
other  pair  imaging  the  vertical  axis.  These  lens  pairs,  which  are  interleaved,  will  be  designed  to 
produce  a  suitably  sized  image  of  the  rectangular  laser  exit  pupil  at  an  aperture,  while  maintaining 
collimation.  The  homogenizer  starts  with  an  aperture,  followed  immediately  by  a  four-segment 
lens  which  breaks  the  beam  into  four  identically-sized  sub-beams.  A  second  four  segment  lens 
recombines  the  sub-beams  in  the  target  plane  and  simultaneously  images  the  aperture  onto  the 
same  plane.  Thus,  a  uniform,  well  defined  beam  will  be  produced  and  impinge  upon  the  target. 
The  fluence  will  be  kept  to  a  low  level  at  both  the  relay  and  homogenizer  elements  while 
maintaining  a  practical  optical  path  length  by  using  a  demagnification  factor  of  3X  for  the  beam 
homogenizer.  This  results  in  an  optical  path  length  of  approximately  3  meters  from  laser  to  the 
vacuum  chamber’s  entrance  window  for  the  system  present  design.  Thus,  the  beam  wiU  need  to 
be  transported  by  a  set  of  relay  optics  in  order  to  obtain  the  desired  on-target  properties 
depending  on  laser  and  chamber  locations.  The  optical  system  described  should  be  able  to 
produce  fluences  of  up  to  5  J/cm^  with  an  overall  optical  efficiency  of  -65%  while  keeping  the  on- 
target  laser  fluence  constant  to  within  ±  5%.  Once  the  scanning  mirror  is  properly  programmed, 
the  PLD  system  should  be  able  to  produce  very  uniform  and  reproducible  films  over  large 
diameter  substrates. 
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To  Target 


Figure  6.  A  Constant  Fluence  Optical  Train  for  the  Large-Area  PLD  Process.  The 
Overall  Optical  Path  Length  is  about  3  Meters. 
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Summary  of  Phase  I  Accomplishments 

The  objectives  of  Phase  I  were  to  first  conduct  a  comprehensive  literature  search  of  the  emerging 
PLD  process  and  determine  potential  near-term  applications.  The  second  objective  was  to 
develop  and  evaluate  feedback  control  processes  which  could  be  used  to  improve  the  performance 
of  a  large-area  PLD  to  help  make  it  compatible  with  production-oriented  applications. 

A  comprehensive  search  for  the  PLD  process  was  conducted  of  the  technical  literature  over  the 
last  fom  years  and  builds  upon  work  published  in  “Pulsed  Laser  Deposition  of  Thin  Films” 

(Edited  by  D.  B.  Chrisey  and  Graham  K.  Hubler,  J.  Wiley  and  Son  1994).  Over  the  past  ten  years 
this  process  has  become  a  very  useful  research  tool  with  which  to  deposit  thin  films  of  well  over 
250  different  materials  for  literally  hundreds  of  different  applications.  The  number  of  groups 
involved  in  PLD  is  still  increasing  at  a  rapid  pace,  and  with  the  level  of  ongoing  research  utilizing 
this  unique  deposition  tool,  it  is  likely  that  several  applications  requiring  production  equipment 
will  soon  emerge.  At  present  it  appears  that  YBCO  is  the  material  which  is  closest  to  production 
applications.  The  cellular  phone  market  place  for  YBCO  is  projected  to  be  ~$500M,  and  at 
present,  there  is  no  clear  deposition  approach  for  YBCO  which  is  capable  of  meeting  the 
throughput  demands  for  this  application. 

It  is  clear  from  the  literature  search  that  before  PLD  becomes  a  useful  production  tool  the  proper 
infrastmcture  needs  to  be  built  up  to  support  large-scale  production-oriented  applications.  This 
infrastructure  includes  the  ability  to  deposit  fiJms  over  large  areas  with  the  uniformity  required  for 
the  particular  application,  better  process  control  including  deposition  rate  monitors,  composition 
monitors,  improved  lasers,  as  well  as  computer-controlled  closed-loop  feed-back  of  numerous 
deposition  variables.  Temperature  monitors  for  transparent  substrates  used  for  several  PLD 
applications  (including  HTS  materials)  and  large-area  robust  oxygen  resistant  heaters  are  needed 
as  well.  Furthermore,  the  inherent  fear  displayed  by  “Corporate  America”  of  something  “new” 
needs  to  be  addressed  and  overcome.  It  is  Hkely  that  PLD  will  be  used  first  not  by  large 
corporations,  but  by  small  start-up  companies  such  as  Superconductor  Technologies  or 
Conductus,  which  have  niche  applications  that  cannot  be  addressed  with  alternative  deposition 
techniques.  As  an  infrastructure  is  built  up  to  support  the  PLD  systems  installed  at  these  small 
companies,  then  larger  corporations  will  be  more  willing  to  buy  into  the  process  for  their  own 
particular  applications. 

During  the  second  half  of  the  Phase  I  Program  the  design  of  a  number  of  process  control  devices 
were  evaluated  which  should  significantly  improve  the  infrastructure  of  production  oriented  PLD. 
These  include  a  deposition  rate  monitor  which  is  based  on  atomic  absorption  for  the  PLD  process. 
It  appears  that  making  modifications  to  an  existing  commercially  available  deposition  rate  product 
could  yield  a  film  growth  rate  monitor  which  is  compatible  with  large  area  PUD.  Furthermore,  an 
extension  of  the  AA  technique  which  utilizes  three  sources  with  three  independent  detectors  was 
designed.  With  proper  calibration  and  computer  control  this  three  element  AA  unit  may  allow  the 
composition  of  the  film  to  be  monitored  during  deposition  as  well.  A  constant  fluence  optical 
train  was  also  designed  to  be  compatible  with  large  area  PLD.  This  system  coupled  with  the 
Intelligent  Window  should  provide  an  excellent  way  to  measure  and  control  the  on-target  laser 
fluence  during  laser  deposition.  Finally,  a  basic  large-area  PLD  system  to  deposit  YBCO  over  4- 
inch  diameter  substrates  was  designed.  This  design  of  this  system  is  compatible  with  the 
incorporation  of  the  AA  rate  monitor,  constant  fluence  optical  train,  and  Intelligent  Window. 
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Proposed  Future  Work 

In  Phase  I  we  have  developed  a  basic  design  for  a  large-area  PLD  system  which  is  capable  of 
depositing  YBCO  films  over  4-inch  diameter  substrates.  Future  work  will  focus  on  the  realization 
of  a  large-area  PLD  machine  which  incorporates  an  AA  deposition  rate  monitor,  constant  fluence 
optical  train,  Intelligent  Window,  with  a  computer  control  package  which  will  be  able  to  monitor 
and  control  the  complete  PLD  process. 

The  results  of  this  research  effort  will  be  a  commercial  large-area  PLD  source  for  advanced 
materials  compatible  with  production  applications.  This  source  will  be  capable  of  large-area,  high 
rate  deposition  of  high  Tc  superconductors  as  well  as  ferroelectric  ,  piezoelectric,  magneto-optic 
and  non-linear  optical  materials.  All  of  these  materials  have  been  identified  as  critical  to  the 
success  of  the  US  advanced  materials  and  processing  community.  Furthermore,  each  of  the 
process  control  items  discussed  above  will  be  developed  into  individual  products  which  can  bolt 
onto  existing  small  area  research-based  PLD  systems.  These  products  will  help  to  further  advance 
the  productivity  of  these  research  based  machines. 
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Additional  Materials  Deposited  By  PLD  Since  1993 
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Material 

Comment 

Laser 

Reference 

Lai.xSfxMnOs 


LaojCao.sNbOs 


EuS,  EuSe, 
EuTe 


FeSiGaRu 


LaNiOa 


MnSb 


LiFeOs 


Pbi-xEaxTii-xMOs  Ferroelectric 


Bi2V05.5  Ferroelectric 


magnetic 

semicoductors 


magnetic 


paramagnetic  & 
SNS  barrier 


Ferromagnetic 


magnetic 


CaTi03 


CaiSrTiOs, 

ZnSrTiOs 


Nb:Bi4Ti3012, 

La:Bi4Ti3012 


Mg:PbTi03 

Nb:PbTi03 


Bi:YIG 


RbTi0P04, 

RbRi0P04 


Ba2NaNb50i5 


LiTa03 


KNb03 


GaN 


KTiOP04 


FeSi2 


Nd:YAG 


MgF2,  CaF2, 
LaFs,  SrF2 


Ferroelectric 


Ferroelectric 


Ferroelectric 


Ferroelectric 


KrF 


KrF(248) 


KrF 


KrF  (248) 


KrF  (248) 


ArF(193) 


ArF(193) 


KrF 


KrF  (248) 


nonlinear  optical 


electro-optic 


electro-optic 


electro-optic 


electro  optic 


non-linear  optic 


optoelectronics 


optical  waveguides 


AR  coatings 


ArF  (193) 


KrF  (248) 


KrF  (248) 


KrF  (248) 


KrF  (248) 


KrF  (248) 


KrF 


KrF  (248) 


7Ga2S3.3La2S3 


ArF  (193) 


KrF  (248) 


Huai,  Y.;  et  al.  1994 


Krishnan  et  al,  1995 


Hundley  et  al.  1995 


Mulloy  et  al,  1993 


van  de  Riet  et  al.  1993 


Satyalakshmi  et  al. 
1993 


Shvets  et  al.  1992 


Oliver  et  al.  1994 


Beesabathina  et  al. 
1994 


Tabata,  et  al.  1995a 


Knauss  et  al.  1995 


Lampe  1994 


Uusimiki,  et  al  1994 


Kidoh,  et  al.  1994 


Liu,  et  al.  1994 


Liu,  J.  et  al.  1994. 


Liu,  J.  et  al.  1994b 


Zaldo,  et  al.  1994 


Leuchtner  et  al.  1995 


Xiong  et  al.  1994 


Olketal.  1994 


Ahmed  et  al.  1995 


Cheung  et  al.  1992 


Sanchez  et  al.  1994 


Youden  et  al.  1993 
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Material 

Comment 

Laser 

Reference 

MnTe 


CdMnTe 


TaC 


AIN 


Si3N4 


Teflon 


NiS 


IR  Detectors 


electro  optics 


magnetic  sensor 


dielectric 


dielectric 


friction 


ArF 


Nd:YAG 


ArF  (193) 


KrF 


FeSn,  FeHf,  FeAl, 
FeMn,  FeNi, 

FeTi,  FeCr,  FeCr, 
FeNb,  FeTa 

inter-metalics 

- i - £ _ 1 _ 

KrF 

Cu-Ni,  Ag-Ni 

intermetalics 

ArF  (193) 

CoCrTa,  CoCrPt 

intermetalics 

KrF  (248) 

Kim  et  al.  1994 


Misiewicz  et  al.  1993 


Debowski,  1995 


Teghil  et  al.  1994 


Vispute,  et  al.  1995 


Fogarassy  et  al.  1994 


Blanchett,  et  al.  1993 


Lee  et  al.  1993 


Krebs  et  al.;  1993 


Ishikawa  et  al.  1994 


BaZr03 


mordenite, 

faujafite 

zeolite  stmctures 


(Zr,  Sn)Ti02 


-FeSii 


Ta03 


AgGaS2 


thermoelectric 

conversion 


sensors,  gas 
seperation 


Acoustics 


semiconductor 


Leuchmer  et  al.  1994 


NdrYAG  (532)  Dye  et  al.  1995 


Tabata  et  al.  1995b 


Panzner,  et  al.  1995 


Shibata,  et  al.  1993 


Uchiki  et  al.  1993 


ArF  (193) 


XeCl  (308  ) 


Er02 


polyperinaphthanl 

ene 


CoSi2 


WSi2 


Queralt,  et  al.  1995 


Yudasaka  et  al.  1994 


Glebovsky,  1994a 


Glebovsky,  et  al. 
1994b 
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